Frontier molecular orbitals (FMOs) have played a critical role in predicting reactivity/selectivity of pericyclic reactions. Here we show that the structurally similar iptycene-based hydroquinone ether (HE) 
Introduction
Development of tools to aid in the design of organic molecules with desired redox potentials would impact diverse areas of research from the syntheses of efficient molecular wires to redox shuttle additives for lithiumion batteries to redox reagents for chemical synthesis. (1) (2) (3) (4) We have recently shown that the redox potentials of p-hydroquinone ethers (HEs) can be fine-tuned in the range of 0.66-1.05 V (vs Fc/Fc + This case study demonstrates that a simple visual examination of the frontier orbitals and their nodal arrangement can allow ready evaluation of the trends of redox/optical properties of electron donors and could serve as an important predictive tool for designing molecules with desired redox properties. The details of these findings are described below.
The parent iptycene (
H Ipt) and its derivatives RO Ipt (R = CH 3 ,
MeO
Ipt or R = n-octyl, AO Ipt) and A Ipt (A = n-octyl) were synthesized by adaptation of literature procedures. (14) All compounds were characterized by 1 H/ 13 C NMR spectroscopy and MALDI mass spectrometry. Note that methoxy-substituted iptycene ( MeO Ipt) was sparingly soluble in CH 2 Cl 2 , and therefore, a soluble octyloxy derivative ( AO Ipt) was also synthesized; see the Supporting Information for complete details.
Electrochemical oxidation of the parent iptycene and its derivatives and BO HE showed reversible cyclic voltammograms in CH 2 Cl 2 ( Figure 1 ). The oxidation potentials (E ox ) of MeO Ipt (1.15 V) , A Ipt (1.15 V) , and H Ipt (1.18 V) were found to be ∼300 mV higher than that of BO HE (0.86 V) . Expectedly, the oxidation potential of AO Ipt (1.10 V) was slightly lower (by 50 mV) than that of MeO Ipt due to the presence of alkoxy groups with long alkyl chains. (15) Figure 1 To examine these trends, we performed DFT calculations using the B1LYP-40/6-31G(d)+PCM(CH 2 Cl 2 ) level of theory, which has been extensively benchmarked for the accurate description of electronic structures of a variety of π-conjugated cation radicals (16, 17) and compared the frontier molecular orbitals (FMOs) of MeO Ipt with a series of hydroquinone ethers, including The degeneracy of the benzene-like FMOs in HEs is perturbed by substitution, with a substantial destabilization of the bisallylic orbital arising from methoxy groups lying in the aromatic plane and a modest change in the energy of the quinoidal orbital by the alkyl framework that varies depending on the nature and number of alkyl substituents ( Figure 2) . (5) In the case of HE and its substituted derivatives, the extent of destabilization of the bisallylic orbital by the methoxy groups, when lying out of the aromatic plane, and of the quinoidal orbital by tetrasubstituted alkyl frameworks is similar and thus results in a negligible HOMO/HOMO-1 energy gap ( Figure  2) . A significantly larger energy gap arises in MeO Ipt (0.61 eV) due to the additional destabilization of its quinoidal orbital and stabilization of the bisallylic orbital by its four phenylenes, which also results in swapping of the order of quinoidal and bisallylic orbitals ( Figure 2 ).
In contrast to the expected evolution of ionization potentials, that is, following Koopman's theorem and decreasing with increasing energy of the HOMO,(18) the observed large energy gap (0.61 eV) and accompanying switching of the quinoidal (HOMO) and bisallylic (HOMO-1) orbitals in MeO Ipt ( Figure 2 ) is insufficient to account for its unusually high oxidation potential. When considering thermodynamic oxidation potentials, one must also account for the energetic penalty associated with structural reorganization, such as the rotation of methoxy groups into a planar arrangement in order to stabilize the cationic charge in BH HE Figure 3A ). Ipt against decreasing dihedral angle φ in the range of 90° (starting angle) to 0° (ending angle).
In accord with the X-ray crystallographic findings, presented above, the computed energy profiles in Figure 3B show that coplanarization of the methoxy groups in neutral BH HE results in a modest increase in its total energy (0.12 eV), as opposed to a significantly larger increase in the energies of BO HE and MeO Ipt (0.47 and 0.43 eV, respectively) . Importantly, sigmoidal evolution of the energies of HEs vs φ in Figure 3B further shows that decreasing the φ below 30° in BO HE does not change its energy, while the energies of BO HE and
Ipt continue to increase up to φ = 0° ( Figure 3B ).
While the computed energy profiles of the cation radicals in Figure 3C accurately Ipt decreasing φ below 30° requires a sizable energetic penalty of ∼0.1 eV and minimally lowers E ox by 0.03 eV (compare panels B and C in Figure 3 ). In contrast, in BH HE, where at the same angle range there is almost no energetic penalty (i.e., ∼0.01 eV) for the coplanarization of the methoxy groups, the oxidation potential decreases by 0.13 eV ( All three Walsh-type diagrams in Figure 4 show that the energies of the quinoidal orbitals do not change with varying φ, irrespective of the sigma framework. In contrast, the energy of the bisallylic orbitals shows a large increase (∼1.0 eV) with increasing coplanarity of the methoxy groups ( Figure 4 ).
In accordance with the Koopman's theorem, as the HOMO energy increases, the oxidation energy lowers. For BH HE and BO HE, decreasing φ results in an increase in energy of the (bisallylic) HOMO, and as a consequence, the oxidation potentials decrease. However, in the case of MeO Ipt, the bisallylic orbital lies far below (0.61 eV) the quinoidal HOMO, and considerable energy needs to be expended as φ decreases until the bisallylic orbital can serve as the HOMO (compare Figures 3 and 4) Figure 3C ) exists based on the similar energies of their corresponding quinoidal vs bisallylic HOMOs at φ ≈ 30° (Figure 4, top) . In the out-ofthe-plane structure, the spin/charge distribution corresponds to a quinoidal orbital involving four additional phenylenes and without any energetic penalty for the rotation of methoxy groups. On the other hand, for the inplane structure, a significant energetic penalty must be paid in advance to bring the methoxy groups in the aromatic plane to allow the bisallylic orbital to be involved in stabilization of the cation radical. The TD-DFT calculations showed that the two electronic structures of MeO Ipt +• can be readily distinguished as the quinoidal cation radical contains transitions in the near-IR region, which are absent in bisallylic cation radical ( Figure S6 in the Supporting Information).
The cation radical spectrum of
, generated using DDQ/MeSO 3 H as an oxidant system(22, 23) in CH 2 Cl 2 at ambient temperatures (red curve in Figure 5 ), showed a characteristic NIR transition, similar to those observed in other triptycene-like cation radicals, (24) The DFT calculations clearly show that the lowest-energy electronic structures of H-, alkyl-and alkoxysubstituted iptycene cation radicals display similar spin-charge distributions arising from almost isoenergetic quinoidal HOMOs in each case ( Figure 5 ). Indeed, this prediction is corroborated by our observation of a similar NIR transition in the electronic spectra of A Ipt 2 which was obtained from the readily available iptycenequinone S1
3 by sodium borohydride reduction as follows.
To a suspension of iptycenequinone S1 3 (2.0 g, 4.35 mmol) in anhydrous methanol (25 mL) and anhydrous THF (40 mL) under an argon atmosphere was added NaBH4 (240 mg, 5.7 mmol) at 22 o C and the resulting mixture was stirred for 30 minutes. The solvent was evaporated and the crude product was used next step without further purification.
A mixture of iptycene-based hydroquinone S1 (1.0 g, 2.16 mmol), KOH (0.61 g, 10.8 mmol) and 1-bromooctane (1.12 mL, 6.48 mmol) in ethanol (60 mL) was refluxed under an argon atmosphere for 2h. An standard aqueous workup afforded a crude solid which was purified by column chromatography (0.62 g, 0.9 mmol, 42% yield). mp 245-247 ºC. 1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 5.4, 3.2 Hz, 8H), 6.93 (dd, J = 5.4, 3.2 Hz, 8H), 5.64 (s, 4H), 3.90 (t, J = 6.8 Hz, 4H), 2.08 -1.94 (m, 4H), 1.75 -1.60 (m, 4H), 1.56 -1.31 (m, 16H), 1.01 -0.87 (m, 6H). 13 C NMR (101 MHz, CDCl 3 ) δ 146. 22, 145.49, 136.34, 125.23, 123.66, 76.31, 48.51, 32.11, 30.71, 29.79, 29.59, 26.59, 22.89, 14.34 .
Synthesis of A Ipt (A = n-octyl). Synthesis of dioctyliptycene
A Iptwas accomplished by a two-step procedure using iptycenequinone 3 as follows.
To a solution of 1-octyne (0.92 mL, 6.1 mmol) in THF (30 mL) at 0 o C was added nBuLi (2.5 mL, 6.25 mmol) was added with the aid of a syringe under an argon atmoshphere. The resulting mixture was stirred for 1 hour and solid iptycenequinone (1.0 g, 2.2 mmol) was added. After stirring for 2 hours, the mixture was poured into water, then extracted with diethyl ether. The organic layer was separated and evaporated. The SnCl2.H2O (2.5 g) was dissolved in 30 mL of 50% acetic acid. The residue from the previous step was dissolved in 15 mL THF and added dropwise to SnCl 2 solution and stirred overnight. The mixture was poured into water and extracted with dichloromethane (3 × 30 mL). The organic layer was separated and dried over anhydrous MgSO4 and evaporated to afford dioctyne S3 in 50% yield after column chromatography. mp 268-270 ºC, Dioctyne S3 (1.0 g, 1.55 mmol) was dissolved in 50-mL ethyl acetate, then 50 mg of 10% Pd/C was added. The resulting mixture was stirred under H2 atmosphere (40 psi) overnight. The resulting mixture was filtered through a celite pad and the solvent was evaporated and crude product was recrystallized from acetonitrile to afford pure AIpt (1.0 g, ~100% 
DENSITY FUNCTIONAL THEORY CALCULATIONS Computational details
All electronic structure calculations were performed using density functional theory (DFT) as implemented in Gaussian 09, revision D.01 5 using B1LYP-40/6-31G(d) level of theory. [6] [7] [8] Solvent (CH 2 Cl 2 ) effects were included using the implicit integral equation formalism polarizable continuum model (IEF-PCM) [9] [10] [11] [12] [13] . In all calculations, ultrafine Lebedev's grid was used with 99 radial shells per atom and 590 angular points in each shell. Tight cutoffs on forces and atomic displacement were used to determine convergence in geometry optimization procedure. Harmonic vibrational frequency calculations were performed for the optimized structures to confirm absence of imaginary frequencies for equilibrium geometries. For all cation radicals, wavefunction stability tests14 were performed to ensure absence of solutions with lower energy. Computed oxidation potentials (G ox ) are linearly correlated with the experimental oxidation potentials ( Figure S1 ) and were scaled to experimental values as listed in Table S1 . Figure S1 . Correlation plot between computed oxidation energies (G ox ) and experimental oxidation potentials (E ox ) with the linear best fit: E ox = 1.06 G ox -4.85, R2 = 0.84. , and H Ipt +• were found to be uncannily similar with strongly red-shifted near-IR band, attesting to the triptycene-like delocalization of the cationic charge ( Figure 5A in the manuscript). In contrast, spectrum of BHE+• did not show any transitions in the NIR region. , and H Ipt +• using TD-DFT shows two peaks in the 790-1260 nm range ( Figure S2 ). The nature of these transitions is identical across all three iptycene derivatives and involves transition to unoccupied "quinoidal" orbital. In contrast, B HE +• shows only one single bright transition at ~400 nm. 
Redox/optical properties of various HE and iptycene derivatives

Bz
A set of BHHE derivatives with varied substitution showed expected variation in the redox potentials in the range of 0.44 V when substituents were changed from methoxy ( BH HE) to methyl ( BH XYL) to hydrogen ( BH Bz) as shown in Figure S3 . DFT calculations reproduce a similar trend in the variation of the oxidation energies ( Figure  S4 ). In case of BHHE, upon oxidation the methoxy groups orient into the aromatic plane leading to the "bisallylic" electronic structure of the cation radical, while in the methyl-and hydrogen-substituted analogues (i.e.
BH XYL and BH Bz), the electronic structure of their cation radicals remains "quinoidal", and thus explains the drastically different oxidation potentials. Table S3 for the lowest-energy frequencies), which contribute to the computed difference between electronic and Gibbs free energies. . can be easily distinguished using spectroscopy by observation of a near-IR transition from "quinoidal" cation radical due to the through-space charge delocalization in iptycene framework, [15] [16] [17] while the "bisallylic" cation radical is expected to lack any absorption beyond 500 nm. Indeed, TD-DFT calculations show ( Figure S6 ) that "quinoidal" and "bisallylic" , which arise as the continuations of the respective curves at the ground state PES (see red and blue curves in Figure S7 ). Note that the energy gap at the conical intersection arises due to the absence of the structural reorganization at the D 1 state (calculations of the relaxed PES scan at the D 1 state were unsuccessful). , and BH HE +• along their PESs showed drastic differences in the evolution of their spin-density distributions ( Figure S8 ). In particular, MeO Ipt +• shows a sharp switchover in the spin density distributions from "quinoidal" to "bisallylic" at the conical intersection (ϕ =60°). In contrast, although the starting (ϕ = 90°) charge distribution is "quinoidal" in BH HE +•
, it continuously changes into the "bisallylic", while in BOHE+• the charge distribution is "bisallylic" throughout the PES. 
Walsh diagrams of BOHE and MeOIpt
To probe dependence of the FMOs ordering on the orientation of the methoxy group we performed a computational scan of FMO energies in BH HE, BO HE,
MeO
Ipt with respect to varied dihedral angle (φ) from 90° to 0° (Figures S10-S11 and Figure 4 in the manuscript). At each 5° increment, two dihedral angles were fixed, while other geometrical parameters were optimized. The scans show that the energy of the "bisallylic" orbital (filled blue circles) increase rapidly with decreasing angle, while the energy of "quinoidal" orbital (filled red circles) remains almost invariant to the orientation of the methoxy group. In MeO Ipt, swapping of "quinoidal" and "bisallylic" orbitals occurs at 55°-40° range. At this range HOMO and HOMO-1 represent a linear combination of "bisallylic" and "quinoidal" orbitals. In contrast in BHHE, at the swapping between "quinoidal" and "bisallylic" occurs much more sharply as compared to MeOIpt (compare Figures S10 and S11 ). Note the in MeO Ipt "bisallylic" orbital is HOMO-2 for equilibrium structure (φ = 90°), which swaps to HOMO-1 and then to HOMO upon rotation of the methoxy group. 
